Fifty years have passed since the findings of capacitation and acrosome reaction. These discoveries and the extensive effort of researchers led to the success of in vitro fertilization, which has become a top choice for patients at infertility clinics today. The effort to understand the mechanism of fertilization is ongoing, but the small number of eggs and similarly small quantity of spermatozoa continue to hinder biochemical experiments. The emergence of transgenic animals and gene disruption techniques has had a significant effect on fertilization research. Factors considered important in the early years were shown not to be essential and were replaced by newly found proteins. However, there is much about sperm-egg interaction which remains to be learned before we can outline the mechanism of fertilization. In fact, our understanding of sperm-egg interaction is entering a new stage. Progress in transgenic spermatozoa helped us to observe the behavior of spermatozoa in vivo and/or at the moment of sperm-egg fusion. These advancements are discussed together with the paradigm-shifting research in related fields to help us picture the direction which fertilization research may take in the future.
Introduction
It has been more than 50 years since successful in vitro fertilization (IVF) was first reported in rabbits and hamsters. This technique is now applied to human clinics and in 2015, 72,913 babies were born in the USA with the aid of the assisted reproduction technique (ART) [1] . This indicates that currently approximately one out of 50 newborns are "test tube babies" in the USA. The ratio of babies born by ART in Japan is significantly higher. According to data from the Japan Society of Obstetrics and Gynecology, one out of every 20 births during 2015 occurred through ART. Moreover, half of these ART offspring experienced a frozen stage during which they were preimplantation embryos (in Japanese [2] ). Progress has been incredible. This manuscript is my personal view of the evolution of basic fertilization research and some of the remarkable developments in the related areas which I experienced during my half-century of research life.
from over a half-century ago are generally difficult to evaluate by today's standards.
New findings: capacitation and acrosome reaction
The first important finding in mammalian fertilization came not through IVF, but rather through artificial insemination experiments. Chang and Austin independently found that the sperm must spend some time in the female reproductive tract before it is capable of penetrating the zona pellucida [5, 6] . Taking this newly recognized phenomenon termed "capacitation" into account, researchers began using spermatozoa recovered from the female reproductive tract and the success rate of IVF began to improve. However, papers still lacked concrete evidence that the in vitro fertilized eggs were not parthenogenetically activated eggs, but truly "fertilized eggs."
Around that time, the phase contrast microscope was invented (yielding a Nobel Prize for Dutch physicist Frits Zernikev in 1953). Dan observed sea urchin spermatozoa using one of the first commercialized versions of the microscope and found the "acrosome reaction" [7] . Although in mammalian spermatozoa, extension of the acrosomal filament does not take place as in sea urchins, a release of acrosomal enzymes by fusing acrosome membrane with the plasma membrane (vesiculation of the acrosome) is common. Thus, the process is also called the acrosome reaction in mammals. Austin and Bishop recovered spermatozoa from mated females of various rodents (guinea pig, golden hamster, Chinese hamster, and Libyan jird), observed the acrosome, and concluded that the acrosome reaction takes place before fertilization in mammals [8] . Their paper stated that the acrosomal contents are not utilized for zona penetration because the acrosome disappears from those zona-penetrating spermatozoa. They also reported that the sperm head structure (perforatorium) was seen inside the egg cytoplasm, leading them to describe that spermatozoa "penetrate" the vitelline membrane rather than fuse with the eggs.
Progress in in vitro fertilization research
In 1959, Chang reported that he could obtain pups by transplanting the in vitro fertilized eggs into recipient rabbits [9] . Since normal pups could be obtained from in vitro fertilized eggs, this paper (despite its absence of figures or tables) is considered a milestone leading to modern-day IVF. However, the spermatozoa used in this experiment were capacitated in vivo (in the female reproductive tract). Thus, although the process can be called IVF, not all steps were completed in vitro in this experiment. From this context, another milestone paper was that of Yanagimachi and Chang in 1963, describing fertilization using hamster epididymal spermatozoa which were exposed to neither factors from a female reproductive tract nor those from male accessory reproductive glands like ejaculated spermatozoa [10] . However, it seemed the fertilized eggs did not go beyond the two-cell stage [11] , thus termed two-cell block [12] . Thus, strictly defined, this experiment did not completely prove that IVF eggs fertilized by spermatozoa without exposure to the female reproductive tract could develop to term.
In mice, Whittingham reported that eggs fertilized by uterineincubated spermatozoa could develop at least to a stage shortly before term [13] , and Toyoda et al. established a method with a high percentage of success (without the aid of the female reproductive tract) by developing their TYH medium [14] . Then, Ogawa et al.
succeeded in achieving IVF in rabbits without the aid of the female reproductive tract [15] . IVF was being reported in one animal after another (see review [16] ) as well as in humans [17] during the 1960s and 1970s.
Difficulties faced in the early days
Today's scientists are calling attention to the reproducibility of experiments [18, 19] , but reproducibility was also a matter of discussion in IVF research in the 1950s. Relatively complicated M199 with many kinds of amino acids and vitamins [20] was one of the most popular media used in the early days of IVF. As we know, keeping the CO 2 concentration in an incubator stable is a fundamental point when using bicarbonate buffers such as bicarbonate-based M199, TYH [14] , BWW [21] , and kSOM [22] . However, CO 2 incubators were not available before the mid-1960s (according to my online search). IVF experiments in the early days were apparently performed using a Currel flask placed inside an air thermostat. Thus, it was a difficult task to keep the temperature and CO 2 concentration accurate before the appearance of the CO 2 incubator. I also started my IVF experiments in a desiccator into which water was added at the bottom and gas was filled by hand-mixed 5% CO 2 in air. Incubation of spermatozoa and eggs was done in the desiccator placed in a Nichrome wire driven air thermostat.
It was interesting to learn that Tarkowski, who is called the father of modern mammalian embryology [23, 24] , used exhaled air from students as a source of 5% CO 2 in his research when he was unable to obtain CO 2 [25] . This proves the adage that "necessity is the mother of invention," and that plentiful research funds were not a prerequisite for good research. I hope this rule remains applicable today and in the future.
The nature of capacitation
Occasionally, researchers debate whether or not capacitation includes the acrosome reaction. However, the acrosome reaction is a phenomenon observed in most metazoans, whereas capacitation is applicable only to mammalian spermatozoa. Thus, it is natural to consider that the capacitation phenomenon must have appeared when mammals evolved. This viewpoint allows capacitation to be explained as a newly emerged process facilitating sperm ability to fertilize eggs by modifying the process of the acrosome reaction.
There are many reports about the changes which occur during sperm capacitation, such as the activation of adenylate cyclase-cAMP systems and phosphorylation of sperm proteins (see review [26, 27] ). Specific factors known to be included in the medium are caffeine in hamsters and heparin in bovines. However, serum albumin is the most important factor in the medium across species. When the mechanism of capacitation was explored, it became apparent that albumin removes cholesterol from the sperm membrane [28, 29] . In accordance with this notion, IVF results are significantly affected by the quality of albumin in the medium. Even with the same product, a different lot may result in a very different outcome. Therefore, there is a chance that some factors involved in albumin products might play an important role in fertilization. In fact, several researchers pointed out the involvement of a high-density sterol-binding lipoprotein or factors from cumulus cells [30] [31] [32] .
The importance of cholesterol removal from spermatozoa was ascertained by Choi and Toyoda. The cholesterol-depleting ability of methyl-β-cyclodextrin (MBCD) from culture cells was examined on spermatozoa. The investigators replaced albumin with MBCD in TYH medium and furthermore, to eliminate any exogenous secretion from cumulus cells, the spermatozoa were added to cumulus-free eggs. Under this protein-free condition, they showed that spermatozoa could fertilize eggs and fertilized eggs could develop to birth [33] . This experiment indicated not only that removal of cholesterol is a key process for fertilization, but also, for the first time in IVF history, that a completely protein-free, chemically defined medium can support fertilization in vitro.
Tateno et al. showed that transient treatment of spermatozoa with calcium ionophore A23187 can induce the acrosome reaction and hyperactivation in spermatozoa without activating cAMP systems and without protein phosphorylation. These spermatozoa could fertilize eggs in vitro and result in healthy pups [34] . In other words, the majority of the capacitation process could be bypassed by the ionophore treatment.
Time required for capacitation
In mammals, sperm capacitation takes place while spermatozoa reside in the female reproductive tract. Before we discuss the time required for capacitation, it should be noted that it is not rare for spermatozoa to spend some time in the female reproductive tract in a wide range of animals including reptiles, fishes, birds, and amphibians before they meet the eggs [35] . The word "capacitation" is used only for mammalian spermatozoa, but there may be capacitation-related phenomenon in other species. For an extreme example, queens of many ant species live long (over 10 years), and it is reported that the queen ant mates with a male once during her lifetime and that spermatozoa from that single mating are kept in the queen ant's spermatheca. Surprisingly, these stored spermatozoa live in the spermatheca for more than 10 years and are gradually used during her lifetime to produce all the worker ants. Candidate molecules enabling this long-time storage are now under investigation [36] .
The purpose of sperm retention in the female reproductive tract may differ depending on the species. In mammals, the period between ejaculation and sperm contact with eggs probably affected the time required for capacitation in various species. In mice, sperm capacitation is considered to take around 1 h, but this merely indicates the shortest required time and not the species-specific standard time. Capacitation time, if interpreted as time length for spermatozoa from ejaculation to fertilization, varies considerably in each fertilizing spermatozoa. Under the observation of fertilization in vivo using spermatozoa expressing RFP (red fluorescent protein) in mitochondria and GFP (green fluorescent protein) in acrosome [37] , a number of ovulated eggs are fertilized one by one from 2 to 8 h after ovulation [38] , which means the time required for capacitation can vary from 2 to 8 h in mice. In hamsters, fertilization proceeds from 4 to 10 h after coitus [39] . In both cases, the number of spermatozoa approaching eggs in the ampulla corresponds to the number of fertilized eggs, at least during the first few hours after mating. In regard to the facts that (i) the acrosome of a vast majority of the spermatozoa are kept intact in the oviduct, and (ii) the capacitation process ends with the acrosome reaction, it is natural to interpret the time required for sperm capacitation as varying in individual spermatozoa. In humans, sexual intercourse a few days before ovulation could result in pregnancy [40] . After all, the time required for sperm capacitation is not a predetermined fixed value, but probably changes flexibly as controlled by the female environment.
A trigger for the acrosome reaction
As Tateno et al. have shown, calcium influx triggers the acrosome reaction in many spermatozoa simultaneously [34] . However, the acrosome reaction takes place sparingly in vivo to make fertilizing spermatozoa. What triggers the acrosome reaction has been investigated extensively throughout various phyla. In starfish, it has been shown that a substance in the jelly coat induces the acrosome reaction (see review [41] ). Similarly, in mammals, there was a hypothesis that the acrosome reaction is induced when spermatozoa meet zona pellucida glycoproteins. Interestingly, spermatozoa have been known to acrosome react without contacting the zona, but it was reported that the zona-induced acrosome reaction is the real process that leads spermatozoa to penetrate the zona pellucida [42] . The molecular mechanism was explained in further detail by clarifying that the binding of spermatozoa to O-linked oligosaccharides on ZP3 induces the acrosome reaction [43] . This was termed "zonainduced acrosome reaction" and was supported by many researchers (see review [44] ).
After gene manipulation techniques became available, spermzona interaction was revisited by Dean and his colleagues using mutant mice as experimental animals [45] . When ZP proteins in mice were replaced by those from humans, it was shown that the key molecule regulating sperm binding is not ZP3 but ZP2 [46, 47] , and it was further demonstrated that sperm-egg binding is dependent upon the cleavage status of ZP2 [48] . These authors also indicated that ZP2 modification is regulated by the release of enzyme ASTL from cortical granules of the eggs [49] . These researchers thus concluded that ZP2 is the molecule that governs sperm-zona interaction and that binding of acrosome-intact spermatozoa to ZP2 (or to zona pellucida) does not induce acrosome reaction [48, 50] . Moreover, recent observations indicate that very few spermatozoa induce the acrosome reaction in vivo before they contact the cumulus oophorus complex as described below. Therefore, the molecular mechanism that can induce the acrosome reaction in such a limited number of spermatozoa remains unclear at the moment.
Acrosomal exocytosis
When the acrosome reaction is called "acrosomal exocytosis," it implies that release of enzymes from the acrosome is important. In rabbits, multiple spermatozoa penetrate the zona pellucida under natural conditions. Therefore, it is possible to recover spermatozoa from the perivitelline space as a source of acrosomal exocytosisaccomplished spermatozoa. When these spermatozoa were added to cumulus-intact eggs, it was shown that the zona-penetrated and acrosomal exocytosis-accomplished spermatozoa could penetrate both the cumulus layer and zona pellucida once again [51] . Mouse spermatozoa do not accumulate inside the perivitelline space under natural conditions. Therefore, multiple spermatozoa were recovered from the perivitelline space of gene-disrupted mice with fusionincompetent eggs. The recovered spermatozoa were added to ovulated eggs covered by cumulus layers. These spermatozoa which completed their exocytosis were shown to penetrate egg investments a second time and fertilize eggs (as had similarly occurred in rabbits) [52] .
Although acrosomal exocytosis could theoretically play a role in modifying the sperm surface in an autocrine manner, it seems unlikely that spermatozoa use their acrosomal enzymes to carve a pathway to the egg by released enzymes. At least we can say with certainty that one of the essential roles of the acrosome reaction is to send a fusion-related protein(s) such as IZUMO1 from the inner acrosomal membrane to the plasma membrane [53] rather than secrete enzymes by exocytosis. One can argue why, then, so many enzymes exist and are released at the time of the acrosome reaction. Of course, each one of those enzymes may have an individual minor role which affects the fertilization process. In fact, a reduced litter size was reported in various acrosomal enzyme disrupted mouse lines, but when we could maintain the line without any special reproductive care in the animal house, we defined those genes as "not essential" to fertilization in our laboratory. However, these genes might have been essential in order to survive thousands of years in the wild. "Pareto principle" (or "power law") indicates that roughly 80% of the effects come from 20% of the causes in many events [54, 55] . If we apply the same principle to genes and their functions, it is natural to find a few essential genes among many genes with minor functions. From an evolutional point of view, animals must keep on producing new essential genes to survive in an ever-changing environment. The nonessential genes and their products today might have been essential in the past or may be in the future.
For more detailed information about acrosome reaction, see other reviews ( [56] [57] [58] [59] [60] )
Number of acrosome-reacted sperm in vivo
We have long known that mammalian eggs function to prevent polyspermy (zona reaction and plasma membrane block) [61] . Since acrosome-reacted spermatozoa have a high fertilizing ability and almost never fail to fertilize eggs in vivo [38] , females seemingly have developed two other strategies to ensure that polyspermy is blocked: (i) restricting sperm access to eggs and (ii) restricting the acrosome reaction in spermatozoa.
It is a well-known fact that only a fraction of spermatozoa in uterus can move into the oviduct through a narrow channel called the uterotubal junction (UTJ) [62] [63] [64] . Moreover, it has been shown that acrosome-reacted spermatozoa are unable to penetrate the UTJ in mice [38] . The decreased number of spermatozoa in the oviduct is immobilized and trapped on the surface of the oviductal wall epithelium [62, 65] . The acrosomes of all spermatozoa in the oviductal isthmus are kept intact at least during the initial 2 h [38] , and more than 95% remain intact even after a few hours in oviduct [66] .
Recent observations [38, [66] [67] [68] using transgenic mice producing fluorescent protein-tagged spermatozoa [37] reaffirmed the old notion that sperm induce acrosome reaction when they approach the egg [8, 69] and the number of sperm ascending to the eggs does not begin to exceed the number of eggs in the ampulla until after 50% or more of the eggs are fertilized [38, 39] . However, as described in the above section, what triggers the acrosome reaction in the limited number of spermatozoa remains an enigma.
Hyperactivation and female reproductive tract
Capacitated spermatozoa exhibit a vigorous swimming pattern described as hyperactivation [70] . This condition allows spermatozoa to penetrate the viscoelastic media more efficiently than fresh spermatozoa, and presumably facilitates penetration of oviductal mucus and cumulus matrix in vivo [71] . Jansen and Bajpai demonstrated that the isthmic lumen, but not the ampullary lumen, is occupied by mucus when rabbits are in estrus [72] . A viscous condition in the mouse UTJ is also suggested [38] . The spermatozoa that have defective hyperactivation seem to have an impaired ability to migrate into the isthmus [73] [74] [75] .
Spermatozoa in the oviduct do not swim freely, but are immobilized and attach to the oviductal wall [62] . DeMott and Suarez reported that an occasional detachment from the oviductal wall caused by hyperactivation may contribute to sperm migration in oviduct [76] .
Hyperactivation and zona pellucida
Hyperactivation is also necessary to exert a zona-penetrating force because spermatozoa with impaired hyperactivation cannot penetrate the zona pellucida [75, 77] . However, there is a report stating that under the existence of theophylline and some other chemicals, bovine spermatozoa can penetrate the zona pellucida without hyperactivation [78] . Furthermore, the swimming force of spermatozoa must differ among species, as does the resistivity of the zona pellucida. Although it is recognized that sperm-zona interactions are species-specific, Wakayama et al. reported that spermatozoa from field vole could penetrate mouse and hamster zona pellucida without the acrosome reaction [79] . Other researchers have similarly demonstrated that spermatozoa can penetrate the zona pellucida of different species [80] [81] [82] , indicating that zona penetration is, in a way, a balance between the thrusting power of spermatozoa and the resistivity of the zona pellucida. It is known that the physical hardness of the zona pellucida changes, and both immature and fertilized eggs' zona are three to four times harder than those of eggs ready to receive spermatozoa (unfertilized eggs) [83, 84] .
When spermatozoa are frozen for preservation, the fertilization ability decreases significantly in some mouse strains such as C57BL/6. However, this decline can be rescued by an addition of reducing agent glutathione (GSH) in the medium [85] , which probably reduces the S-S bond that cross-links the zona proteins and makes the zona softer. The GSH can also help hyperactivation-defected spermatozoa to penetrate the zona and fertilize eggs [75] . Figure 1 presents a timeline of factors thought to be important in fertilization. Factors discovered in the early years were largely found by biochemical means (green circle), and were later proven to be inessential through gene knockout experiments (orange stars). On the other hand, the actual essential factors were generally found in later decades without prior biologically indicated evidences, through gene disruption experiments (blue stars).
Factors involved in fertilization
What Figure 1 tells us is that the role of any given molecule is very difficult to predict through biochemical methods. Most gene disruptions do not result in the predicted outcomes. This applies not only to fertilization research, but also across all research fields in biology. I was involved in more than 300 gene disruption experiments in collaboration with researchers from various fields [86] and found that more than 60% to 70% of the genes show only a minor (or no) phenotype even though various data had indicated their importance in a certain biological process. Based on this observation, it is not surprising to know that 54 evolutionarily conserved and testis-enriched genes are not essential individually for male mouse fertility [87] .
Zona-binding and oviduct-migrating ability
In the mouse, the uterus and oviduct are connected by the UTJ and spermatozoa decrease significantly in number when they Hyaluronidase is an enzyme used for the dispersal of cumulus cells surrounding the eggs, but it is also one of the earliest factors recognized and examined in the fertilization process [119] . It happened to be an antigen of sperm-specific monoclonal antibody PH-20 [120] . Another Mab 2B1 was also found to recognize the same hyaluronidase and its function was reported in sperm-zona binding [121] . However, the disruption of Ph-20/Spam1 [122] and Hyal5 [123] did not cause an infertile phenotype in the males. The effect of double disruption of these genes is not reported as the two genes are very closely localized and double mutants are difficult to obtain by breeding. Acrosin: The gene for another famous enzyme, Acrosin, which may function in the fertilization process [124] , was also disrupted. However, it was found that Acrosin is not essential for fertilization [125] . The disruption revealed that another serine protease, Prss21, exists in spermatozoa [126] . Although the disruption of Prss21/testisin/Tesp5 resulted in a decreased number of pups [127] , the males were not infertile. Acrosin and Prss21 double knockout mice were also able to produce pups in decreased numbers [128] . Acrosin was also disrupted in rats but again, the male rats were not infertile, while a retardation of the dispersal of cumulus layers or retardation of penetration into the cumulus layers was observed, as in the case of mice [129] . ZP3 and ZP3-binding protein SP56: Among ZP proteins, ZP3 was postulated as a sperm-binding target [130] and the importance of oligosaccharides was indicated [43] . Later, SP56 was identified as a ZP3-binding protein on spermatozoa [131] . However, the disruption of Sp56 did not result in sterile males [132] . The mice zona proteins were replaced by human homologs and sperm-zona binding was examined in detail (see review [133] ). GalTase: Galactosyl transferase also has various biochemical data that indicate the involvement of sperm-zona binding [134] , but disruption did not cause male infertility [135, 136] . This led Shur's group to consider the existence of another zona-binding factor and they found SED1 as a novel sperm receptor for the egg coat. But males were fertile when the Sed1 gene was disrupted [137] . CRISP family proteins: Among CRISP proteins, CRISP1 and 4 are expressed in epididymis and CRISP2 in testis. CRISP3 exhibits a tissue distribution beyond the reproductive tract. CRISP1 is the most precisely investigated and is described to be excreted from the epididymis and bind to spermatozoa. Part of CRISP1 is released from spermatozoa during capacitation and the CRISP1 remaining on the spermatozoa is suggested to function with sperm-zona binding and also in the sperm-egg fusion event (see review [138] ). However, Crisp1 [139] , 2 [140] , and 3 [141] disruption did not result in male sterility, but rather in a minor defect detectable in vitro. Zonadhesin: Species-specific zona-binding protein zonadhesin was prepared by mixing solubilized biotinylated porcine sperm membrane proteins with porcine zona pellucida and then by an affinity chromatography using streptavidin-agarose column. Species specificity was based on the fact that a similar experiment using mouse and bovine zona did not yield the same protein [144] . The disruption of zonadhesin in mice did not affect the zona-binding ability to mice zona but increased the zona binding ability to other species [145] . PKDREJ: Acrosome reaction in sea urchin spermatozoa is regulated by glycoproteins in egg jelly (EJ) and the sperm membrane has a receptor for EJ (REJ). PKDREJ is a homolog of this membrane protein REJ in mammals, is detectable in the acrosomal cap region of spermatozoa, and was proposed to participate in the sperm acrosome reaction [147] . The disruption of Pkdrej did not result in sterile males [148] . Fertilin: Fertilin was initially identified as an antigen of anti-guinea pig sperm Mab PH-30 which inhibits sperm-egg fusion [149] . When the sequence was clarified, researchers found potential fusogenic peptides. Thus, fertilin became a potential candidate as a fusion-related factor on spermatozoa [150] . Because fertilin contained a predicted integrin ligand domain and an anti-α6 Mab abolished sperm binding, the integrin α6 was postulated as a sperm receptor [151] , but disruption of integrin α6 did not impair fertilization [152] . Fertilin was known to be a heterodimer of Fertilin α/Fertilin β (now known as ADAM1b/ADAM2). When fertilin was removed by Adam2 disruption, the males became infertile, but IVF indicated the spermatozoa were defective in sperm-zona binding [90] . Surprisingly to all, the removal of fertilin by disrupting Adam1b did not show any effect on sperm fertilizing ability. However, the disruption of Adam1a, which is not found on spermatozoa, caused the same infertile phenotype as the Adam2 disruption. As a conclusion, fertilin on spermatozoa was understood to be dispensable for fertilization, while testicular fertilin ADAM1a/ADAM2 was newly recognized as having an essential role, not in fusion, but in sperm migration into oviduct. IZUMO1: IZUMO1 was initially identified as an antigen of anti-mouse sperm Mab OBF13 which inhibits sperm-egg fusion [153] . This Mab did not react to spermatozoa before the acrosome reaction, but rather to the equatorial segment or entire head of the acrosome-reacted spermatozoa. The antibody also reacted to the acrosomal cap region of frozen and then thawed spermatozoa. Since the staining pattern differs significantly depending on the status of the spermatozoa, it was suspected that Mab was a mixture of multiple clones. However, the production of fluorescent protein-tagged IZUMO1 revealed that the varied staining pattern comes from the migration of IZUMO1 during and after the acrosome reaction [53] . The disruption of Izumo1 had no influence on the sperm number, motility, or viability, but the spermatozoa completely lost their fusing ability with eggs [154] . IZUMO1 localized on the outer acrosomal membrane migrates out to the plasma membrane upon the acrosome reaction and then to the egg membrane at the time of sperm-egg fusion [53] . JUNO: Juno is one of the folate receptor homologs (Folr4) and is identified as an IZUMO1 binding protein by screening egg cDNA library expressed on the HEK293 cell line (see review [155] ). When Juno was disrupted, the sperm-fusing ability of the eggs disappeared, indicating that IZUMO1-JUNO binding is required for sperm-egg fusion [156] . JUNO is a GPI-anchored protein on the egg plasma membrane and upon fertilization, JUNO is released from the membrane and localizes with the vesicles in the perivitelline space. It is not clear how GPI-anchored protein JUNO triggers the signal for fusion. It is interesting to know the behavior of hamster JUNO expressed on mouse eggs, as hamster eggs have an ability to fuse with sperm from various species. The crystal structures of IZUMO1 and JUNO in bound and unbound conformations have been analyzed extensively [157] [158] [159] . CD9: Cd9 is expressed in the entire body. Researchers expected a severe phenotype in various organs, but the very clear single phenotype was the infertility of females. Thus, the involvement of CD9 in fertilization was a serendipitous discovery. It surely would have gone unnoticed unless gene disruption was performed. This finding was reported from three laboratories in the same year [160] [161] [162] . Juno-null females and Izumo1-null males are healthy but completely sterile. The situation is different in Cd9-disrupted mice, to which pups are occasionally born. From these observations, JUNO and IZUMO1 seemed to be involved in sperm-egg fusion directly, and CD9 seemed to provide a scaffold for fusion proteins on egg. Genes essential for "zona binding" ability: The first gene-disrupted infertile males having normal-looking spermatozoa were found by angiotensin converting enzyme (Ace) disruption [89] . However, the cause of the male infertility and the behavior of the spermatozoa were not clarified until 1998 [163] . Thus, the first observation of infertile males with sperm exhibiting defective sperm-egg interaction was reported in calmegin disruption [92] . Calmegin is expressed in testicular germ cells but disappears from mature spermatozoa. Impaired spermatogenesis was thus an expected phenotype. When spermatogenesis was examined, the males seemed to produce a normal number of spermatozoa with normal motility in calmegin knockout males. However, the males were infertile, with impaired sperm-zona binding ability [92] . This was an unexpected finding. After calmegin, sperm from Adam2- [90] , Ace- [89, 163] , and Adam3- [93] disrupted mice were examined and it was reported that all spermatozoa from these gene-disrupted animals shared the same phenotype: a failure to bind to zona pellucida. To our surprise, this was only the beginning. Disruption of most genes resulting in male infertility with normal looking spermatozoa showed this phenotype of failing to bind to the zona. Such genes include Adam1a [91] , Pgap1 [96] , Tpst2 [94] , Calsperin [164] , Pmis-2 [98] , Rnase-10 [95] , Tex101 [99] , Prss37 [100] , Ly6k [101] , and Pdilt [165] . These genes must be linked together to form sperm fertilizing ability. The relationship among them is only partially clarified. Calmegin [166] , calsperin [164] , PDILT [97] , and testicular Fertilin (ADAM1a/2) [91] are required to fold ADAM3 and send it to a plasma membrane. ACE uses its unique GPI-ase activity [167] and removes GPI-anchored TEX101 from germ cells, which enables ADAM3 to reside in the raft fraction of the sperm plasma membrane [99] . ADAM3 seems to be the key molecule in forming the fertilizing ability of spermatozoa in mice. However, ADAM3 is a pseudogene in human [168] . Since most of the ADAM3-related genes are commonly preserved in both mice and humans, an additional unknown key molecule(s) relating to these genes may exist to regulate fertilizing ability of spermatozoa. Hyperactivation-related factors: CatSper: CatSper family proteins are voltage-gated ion channels and form tetramers probably with different CatSper subtypes. Male mice lacking any of the CatSper1-4, or δ genes are infertile [77, [169] [170] [171] with impaired hyperactivation in spermatozoa (see review [172] ). Calcineurin: Calcineurin is a Ca 2+ -and calmodulin-dependent serine-threonine phosphatase that plays a major role in calcium signaling.
Calcineurin disruption in mice results in reduced sperm motility owing to an inflexible midpiece but the mechanism of action and the relationship with CatSper families are not clarified [75] . Egg activating factors: At fertilization, spermatozoa invoke a series of intracellular Ca 2+ oscillations in eggs and sperm-specific phospholipase C, PLCζ , was indicated to be a trigger for the Ca 2+ oscillations in mouse eggs. A disruption experiment revealed that PLCζ is contributing to the oscillations, but not exclusively. The clarification of other factors is necessary for further insights [173, 174] . Due to space limitations, I unfortunately was unable to discuss the complete range of factors essential in the fertilization process.
migrate into the oviduct (Figure 2 ). Do females select spermatozoa at the UTJ? It is indicated that sperm swimming ability is not the only requirement for penetration. When females were mated with a chimeric male that ejaculated a mixture of mutant and wild spermatozoa with the same motility, it was observed that only the wild-type spermatozoa penetrated the UTJ [88] . As described above, the UTJ penetrating spermatozoa must have intact acrosomes [38] , indicating the existence of a special marker on the sperm surface. The impairment of "oviduct migration" (a failure in penetrating the UTJ) was first reported in angiotensin converting enzyme (Ace)-disrupted mice [89] . However, to our surprise, spermatozoa required products of at least 12 more different essential genes [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] to penetrate the UTJ.
Initially, males in most of the abovementioned genedisrupted mouse lines were understood to be infertile because their sperm could not bind to the zona pellucida in vitro. However, under natural mating, the actual cause of infertility was found to be the inability of the spermatozoa to migrate from the uterus into the oviduct, because the penetration of the UTJ precedes the sperm-zona interaction.
The zona-binding ability is examined by mixing spermatozoa with cumulus-free eggs. Under this condition, most of the zonabinding spermatozoa were acrosome intact. If the sperm-zona interaction induces the acrosome reaction, this ability may directly relate to the acrosome reaction and fertilizing ability of the spermatozoa. However, when spermatozoa containing GFP in their acrosome were prepared and added to the eggs, the induction of acrosome reaction was not observed [50, 102] . Rather, as some old [39, 69] and recent [38, [66] [67] [68] observations have indicated, most fertilizing spermatozoa seem to complete the acrosome reaction by the time they reach the zona.
More importantly, the so called "zona-binding" ability was shown to be not essential for spermatozoa to fertilize eggs. When spermatozoa characterized by defective zona binding were directly deposited into the oviduct with a fine glass needle under a stereomicroscope, they fertilized eggs in a ratio comparable to that of wild-type spermatozoa. [97, 99, 101] . Thus, the "zona-binding" assay is not a reliable indicator for zona penetrating ability of spermatozoa. However, peculiarly, the assay faithfully indicates the UTJ penetrating ability of spermatozoa in vivo.
It is puzzling why zona-binding ability and UTJ-penetrating activity always coincide in the 13 cases of infertile gene-disrupted mouse lines. At the moment, no common component is known between the two locations. When mouse genes for zona proteins were replaced with human homologs, it was found that human spermatozoa bound to the humanized homolog in vitro [103] . Therefore, it would be interesting to examine the fate of human spermatozoa deposited into the uterus of humanized mice, if such an experiment could pass ethical inspection.
Sperm-egg fusion
When GFP and/or RFP are connected to fusion-related proteins, the fate of these factors can be observed in real time during the Note that the entrance is almost closed (from [63] ). (C) RBGS sperm observed through an oviductal wall. The behavior of the spermatozoa from isthmus to ampulla can be observed in situ, and various reports about the acrosomal status and migration of spermatozoa have been published [38, 66, 68] . Figure from [38] . The boxed areas in (C) are magnified in (D) and (E), respectively. (D) The acrosome-reacted spermatozoa started to appear in the upper isthmus close to the ampulla (one out of five spermatozoa was acrosome reacted in this instance). (E) Two out of three spermatozoa were acrosome reacted in the upper isthmus adjacent to the ampulla in this instance. (Acrosome-reacted spermatozoa are indicated by asterisks.) fertilization process. Using this method, the localization of IZUMO1 was identified on both inner and outer acrosomal membranes. At the time of the acrosome reaction, IZUMO1 was observed to migrate out to the plasma membrane [53] . This could only be possible if the acrosome reaction starts with a microfusion connecting the outer acrosomal membrane and plasma membrane before a total vesiculation of the acrosome occurs. IZUMO1 migrated out to the plasma membrane of the entire head, and tended to gather in the equatorial segment in higher density. At the time of fusion, IZUMO1 on the equatorial segment diffused into the egg plasma membrane, but IZUMO1 on the inner acrosomal membrane remained in the same position [53] . Fertilization cannot be achieved by a single fusion. Fertilization includes a phagocytotic step following the initial sperm-egg fusion. Engulfment of the inner acrosomal membrane occurs in the latter step. Austin and Bishop emphasized this phagocytotic part of sperm-egg fusion and described that sperm "penetrate" the vitellus membrane [8] .
In drosophila, the sperm-egg membrane fusion is missing and spermatozoa enter eggs with membranes intact [104, 105] . Consequently, sperm plasma membrane breakdown (PMBD) and subsequent events of sperm activation occur in the egg cytoplasm. It was found that the Sneaky gene is required to cause PMBD [106] .
In mammals, fertilization consists of two distinctively different fusion processes. The IZUMO1-JUNO system probably mediates the first process, as suggested by the movement of IZUMO1 at the time of fusion. One may assume that there are more unknown factors participating in the phagocytotic and/or PMBD step in mammalian fertilization (Figure 3) By introducing a simple method not requiring embryonic stem cells, the CRISPR-Cas9 system [107] revolutionized gene disruption experiments. It is now easy for many researchers to incorporate such experiments into their species of interest. By comparing various genes conserved among species, the understanding of the mechanism of fertilization will expand tremendously.
Where are we going?
The term "fertilizing ability" 50 years ago connoted something quite different from what it does today. Nowadays, advanced assisted fertilization techniques free spermatozoa from the requirement to swim or even to be alive. Using ICSI [108] , spermatozoa can fertilize eggs even if they are metabolically "dead." Spermatozoa obtained from a testis of a 15-year frozen body stored in a normal freezer were shown able to fertilize eggs by ICSI [109] . These examples changed the paradigm in the fundamental definition of death in spermatozoa.
Although regulation of our body system seems quite complicated on the surface, only a few transcription factors can determine cell fate. By expressing four genes (Oct4, Sox2, c-Myc, Klf4), differentiated cells were shown to reprogram into induced pluripotent stem (iPS) cells [110] . Moreover, when two other transcription factors (Activin A and bFgf) were expressed in iPS, specification to epiLC (epiblast-like cells) occurred. Then, two additional transcription factors (Bmp4 and LIF) made the epiLC cells differentiate into PGC-like (primordial germ) cells, which were shown to have the ability to produce spermatozoa when transplanted into the seminiferous tubules of W/Wv neonatal mice [111] . This means that the initial stage of Figure 3 . Fertilization requires at least two different modes of fusion and plasma membrane breakdown (PMBD). IZUMO1 on inner acrosomal membrane does not disperse on the egg surface, but is phagocytozed in the second phase of sperm-egg fusion. Both egg surface CD9 (green) (A) and IZUMO1(red) (B) on inner acrosomal membrane are incorporated into the cytoplasm of an egg. The arrows in these confocal images indicate that the inner acrosomal membrane and plasma membrane are jointly incorporated into egg cytoplasm. The time after insemination is indicated [53] . (C) Fertilization consists of two distinct fusion processes. First, cell-cell fusion combines two independent membranes (sperm and egg) into one (designated as the first fusion). Second, endocytosis divides this merged and united membrane into two parts: one invaginated membrane and one outer egg surface. In Drosophila melanogaster, the entire spermatozoon surrounded by plasma membrane, including an extremely long 1.8-mm tail, enters the egg with a phagocytotic action described as the second fusion in the figure [104, 105] . As shown in (A) and (B), mammalian fertilization is also accomplished by the PMBD, which requires Sneaky in drosophila [106] .
in vitro gametogenesis has already been achieved and complete spermatogenesis in vitro will be accomplished eventually. In a first step toward future clinical usage of these techniques, researchers successfully produced spermatozoa from sex chromosome trisomy mice (corresponding to Klinefelter syndrome in human) [112] .
It was also shown that the correction of a pathogenic gene mutation by the CRISPR-Cas9 system [107] was possible in human fertilized eggs [113] . The production of eggs from somatic cells through iPS is now shown to be completed in vitro with the aid of somatic cells from E12.5 gonad [114] (see review ( [115, 116] ). Massive production of human eggs in vitro will be quite possible if gonadal somatic cell-like cells can be differentiated from human iPS cells. If designer babies are legally allowed in the future, I predict that genome editing will be done using iPS cells, and that eggs and spermatozoa will be produced from those gene-edited iPS cells. Since male germ cells are shown to be competent to fertilize oocytes before they enter meiosis [117] , complete spermatogenesis may not be required for the birth of a designer baby. We are entering the age of fertilization initiated without spermatozoa and eggs, an age in which innovative ideas are expected to appear in sperm-egg interaction research.
Conclusion
As recently as the 20th century, some people were opposed to inducing ovulation in women through use of hormones. IVF was once called "fertilization without love," and when ICSI arrived on the scene, some individuals blamed this technique for doing "God's work." The fact that more than 50% of the ART babies in Japan were once frozen before they were born suggests that fundamental findings will continue to develop ART worldwide. The history of IVF and ICSI has shown that if there is a need for a new technique, the world will eventually move past resistance to accept it, even if it only serves a minority of citizens. After the double helix discovery in 1953 [118] , molecular biology made incredible strides, but the field of fertilization has made equally drastic changes since the finding of capacitation in 1951 [5, 6] , and will assuredly continue to affect the lives of human beings.
